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Abstract: Synthetic fatty acid and phosphatidylcholine amphiphiles incorporatirena-stilbene (TS) chromophore

in the fatty acid chain have been found to exhibit sharp changes in absorption and fluorescence spectra upon self-
assembly in LangmuitBlodgett films and aqueous dispersions. The spectral changes are readily associated with
aggregates in which there is a strong noncovalent interaction between the TS chromophores. In this paper, we
report determination of the size, structure, and properties of these “supramolecular’ aggregates using both experiments
and simulations. Important findings are that the key “unit aggregate” having distinctive spectroscopic properties is

a cyclic “pinwheel” tetramer characterized by strong edfgee interactions. These tetramers may be packed together

to form an extended aggregate with only small changes in absorption or fluorescence properties. While it was
initially expected that aggregation occurred as a consequence of amphiphile self-assembly, studies of films of the
stilbene fatty acids at the aiwater interface show the predominance of aggregate prior to compression. Similarly

in phospholipid dispersions aggregates persist above temperature at which chain melting occurs. Aggregation produces
strong effects on the photophysics and photochemistry of the TS chromophore. No photoisomerization occurs;
however, a slow photobleaching is observed for certain assemblies which can be attributed to formation of a photodimer.
Fluorescence from aggregated TS chromophores is attributed to extended aggregates and dimers (excimers), and the
latter is likely responsible for the photodimerization. The supramolecular aggregates observed in this study appear
quite general and closely related to those observed with a wide variety of amphiphiles incorporating aromatic

chromophores.
Introduction Chart 1
Aggregation oftrans-stilbene (TS, either simple* or polar -

- T ; . ) R CHj3(CH;);,C00 DMAP N N(CH;)
substitute&~” ) amphiphiles, especiallyrans-stilbene fatty acid ' H(CHa C/>_ »
derivatives (SFAs, see Chart 1) in monolayers and Langmuir L (CHL)..COO H
Blodgett (LB) films has been observed in several investigations. R,  CHy(CHy O—‘
While these compounds can be dispersed in micelles or saturated o ® GPC HO—
phospholipid vesicles at high dilution to give absorption and PC o-ié-(:(J)\,mAe3 l__

o PC

fluorescence similar to that observed for the same compounds
in dilute organic solutions, their photophysical behavior in either

pure or mixed (with saturated fatty acids such as arachidic acid) H(CHZ)nﬂ Q\ S SFA)
supported LangmuitBlodgett (LB) films is quite different. O (CHp)giCOOH S A {

In many cases, SFAs form stable monolayers at the waier

. . . (o}
interface which can be transferred onto solid substrates to form Sa1—C
LB films.2 The monolayers and LB films of SFAs exhibit blue- (CH,),COCl o o GPC o
shifted absorption and red-shifted fluorescence relative to the ;s,A — > S —CO-CCCHyyy — S —C-0—
spectra in organic solvents. This type of spectral shift has been Et;N o DMAP L
attributed to the formation of H-aggregates in which the oSm.1 -Piv PC
chromophores stack in a “card-pack” arfaySince the SFAs bis-,SxEPC
exhibit film-forming properties (isotherms, limiting area/ o 0
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R. M.; Freysz, E.; Ducasse, A.; Belin, C.; Morand, JJFPhys. Lett1995 molecule, etc)very similar to linear saturated fatty acids such
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initially assumed to be a consequence of forcing the chro- choline (DMPC, 9¢-%) and.-o-dipalmitoylphosphatidylcholine (DPPC,
mophores together in the process of forming the solid LB films 99%) were obtained from Sigma Chemical Company. All solvents
at the airwater interface. A surprising finding was that the for spectroscopic studies were spectroscopic grade from Fisher or
aggregates of SFAs on monolayers and LB films appearedAldriCh' Milli-Q water was obtained by passing in-house distilled water
resistant to dilution with saturated fatty acids such as arachidic through a Millipore-RO/UF water purification system. Deuterated
acid® The SFAs remain aggregated even when a relatively high solvents were purchased from MSD Isotopes or Cambridge Isotope

. A laboratories. 3-(4-Methylbenzoyl)propionic acid was obtained from
ratio of saturated fatty acids was co-spread on the water surface_ncaster. 44,N-Dimethylamino)pyridine (DMAP), recrystallized

such that on a statistical basis little aggregate should be from chioroformidiethyl ether, and trimethylacetyl chloride were
expected:® These results suggest that the aggregation processpurchased from Aldrich. Rexyn 1-300, mixed resin, is from Fisher
for the SFAs must be energetically favorable in order to Scientific.

overcome the decrease in entropy caused by aggregation. This Melting points were taken on an El-Temp Il melting point apparatus
observation is further supported by the finding that mixtures of and are uncorrected. Proton NMR spectra were recorded on a General
different SFAs in monolayers and LB films form H-aggregates Electric QE300 MHz spectrometer using deuterated solvent locks or
similar to those for pure SFA monolayers and LB films with N @500 MHz Varian VXR-500S spectrometer; coupling constaiits (
no evidence of the occurrence of any mixed aggregatad. are reported in hertz. FAB mass spectra were measured at the Midwest

. f enter for Mass Spectrometry. Absorption spectra were obtained on
.Of thege opservatlons suggested that aggre'g.a.tlon of the S':ASgHewlett-Packard 8452A diode array spectrophotometer. The circular
in LB films is a more Complex process than initially suspected dichroism (CD) study was carried out on a JASCO J-710 spectropo-
and that the aggregates might be more stable and more compleXa imeter. Fluorescence spectra were recorded on a SPEX Flurolog-2

than a simple sandwich or card-pack as might be proposed fromgpectrofluorimeter and were uncorrected. Fluorescence quantum yields
simple packing consideratiofsln LB films, an apparent phase  (QY) were determined by comparison with a stand@ams-stilbene
separation occurs in which SFAs form small stable aggregate in methylcyclohexane (Q¥= 0.05). Differential scanning calorimetry
clusters separated by matrices of the saturated fatty acid. Sinc§DSC) measurements were carried out on a MC-2 Ultrasensitive
the hydrophobicity of SFAs and saturated fatty acids used for scanning calorimeter from MicroCal, Inc. Size extrusion experiments
the dilution are similar, the energy stabilizing the clusters is for vesicles were performed with an extruder through CoStar nucleopore
attributed to noncovalent interactions between stilbenes, which Polycarbonate filters. Dynamic light scattering measurements were
must be stronger than simple hydrophobic interaction between ¢2ied out at the Eastman Kodak Research Laboratbrigd. samples
hydrophobic chains. This phenomenon is also observed forwere routinely filtered through a 1,2m nylon syringe filter before

lated . d h dioh | butadi data acquisition. Cryo-transmission electron microscope measurements
related aromatic compounds such as 1,4-diphenyl-1,3-buta I'(Cryo-TEM) were made at the laboratory of NSF Center for Interfacial

Engineering, Department of Chemical Engineering, University of
Minnesotat? Specific wavelengths for irradiation were obtained from
a 200 W Mercury/Xenon lamp (Oriel) through a monochromator (10
nm slit).

ene? 1,6-diphenyl-1,3,5-hexatrieffgzobenzengand squaraine
derivativest®

From the results obtained from supported multilayers and LB
films of SFAs at the airwater interfaces, important questions

related to chromophore aggregation emerge: what is the The general methods used for preparing LangmBiodgett films
aggregate structure on a molecular level and what is the natureand self-assemblies are based on techniques described by KuH# et al.
of the stabilization of these aggregates? Since direct probingMonolayers of SFAs or SPLs were prepared by spreading a chloroform
of aggregate structures is extremely difficult, we have applied Solution of the material to be studied onto an aqueous subphase
several indirect approaches including spectroscopies, conven-(cgr::al'r;nsgwlcadmﬂng ‘éﬂ'grg;eoffég/ gﬁgozngufgg::g; ?ill(;:ré);g?\fe
tional _SOIUtion,teChniques’ and Mount Carlo Simulatiqnls to at room ter’r;pF:erature. (2‘3.3). The monolayers were then transferred
obtain information about the aggregate structures. The difficulty o6 quartz substrates. Reflectance spectra for monolayers at+he air
in manipulating LB films and monolayers, led us to study the \yater interface were recorded with a SD1000 fiber optics spectrometer
aggregation in aqueous dispersions because of the experimentglocean Optics, Inc.) equipped with optical fibers, an LS-1 miniature
convenience and expected structural similarities among bilayertungsten halogen lamp, and a CCD detector. Bilayer vesicles were
vesicles, monolayers, and LB films. We have designed and prepared according to established protocols (all of the bilayer dispersions
synthesized several stilbene-derivatized phospholipids (SPLs)were prepared by sonicatioH). A cell disrupter W220F from Heat
which were anticipated to form bilayer assemblies in aqueous Systems Ultrasonics, Inc. (setting 6.5, 35 w) was used for probe-
solution. It was found that the aggregates formed in aqueousSonication. Aggregate size measurements and sample preparation for
SPL assemblies show similar spectroscopic behavior to thosedcry.o'T.E'V'd arﬁ |dehnt||_c§:jto the procedufereported for azohenzene
formed in the monolayers and LB films of SFAs. In this paper, erivatized phospholipids (APLS). . .

we discuss the determination of the size and structure of the (B) Fluorescence Lifetime Measurements.Time-correlated single

. .~ photon counting experiments were carried out on an instrument
aggregates formed from the SPLs as well as their phOtOphySICS'consisting of a mode-locked Nd:YLF laser (Quantronix) operating at

Results of our study based on experiments and simulation 76 MHz as the primary laser source. The second harmonic (KTP
indicate that the key stilbene “unit aggregates” are small and crystal) of the Nd:YLF laser was used to synchronously pump a dye
relatively stable, chiral “pinwheel” structures stabilized by strong laser (Coherent 700) circulating Rhodamine 6G in ethylene glycol as
noncovalent interactions. the gain medium. The pulse width of the dye laser was typically 8 ps,
as determined by autocorrelation, and was cavity dumped at a rate of
1.9 MHz. The desired excitation wavelength (295 nm) was obtained
by frequency doubling of the dye laser output in a BBQ crystal.
SEmission from the sample was collected by two convex lenses and

Experimental Section

(A) Materials and General Techniques. Synthetic reagents were
purchased from Aldrich Chemical Company and used as received unles
otherwise stated.a-, -, and y-Cyclodextrins (CDNs, 99%) were
purchased from Aldrich. Rattlesnake venanry-glycero-3-phospho-
rylcholine as the cadmium chloride complex, lipophilic Sephadex LH-
20 (25-100 um bead), Sephadex-50G;a-dimyristoylphosphatidyl-

(11) Light scattering studies were performed by Dr. Thomas Whitesides
of the Eastman Kodak Research Laboratories.

(12) The cryo-TEM measurements were carried out in the Department
of Chemical Engineering, University of Minnesota, with assistance of Dr.
Michael Bench.

(13) Kuhn, H.; Mius, D.; Baeher, H. InPhysical Methods of Chemistry
Weissberger, A., Rossiter, B. W., Eds.; Wiley: New York, 1972; Vol. 1, p
577.

(14) (a) Hope, M. J.; Bally, M. B.; Webb, G.; Cullis, P. Biophys.
Acta1985 55, 812. (b) Saunders, L.; Perrin, J.; Gammock, DJBPharm.
Pharmacol 1962 14, 567.

(8) Spooner, S. P. Ph.D. Dissertation, University of Rochester, 1993.

(9) (a) Song, X.; Perlstein, J.; Whitten, D. G.Am. Chem. Sod 995
117, 7816. (b) Song, X.; Perlstein, J.; Whitten, D. I3Am. Chem. Soc
1997 119 9144.

(10) (a) Chen, H.; Law, K. Y.; Whitten, D. Gl. Am. Chem. Sod995
117, 7257. (b) Chen, H.; Farahat, M. S.; Law, K. Y.; Perlstein, J.; Whitten,
D. G.J. Am. Chem. S0d.996 118 2586.
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focused at the entrance slit of a Spex 1681 monochromator (0.22m) 3.34 (s, 9H), 3.864.40 (m, 8H), 5.20 (brs, 1H), 7.667.50 (m, 22H).
and was detected by a multichannel plate (MCP) detector (HamamtsuFAB: m/z calcd for [M + 1]* = 810.4, found 810.4.

R3809U-01). The single photon pulses from the MCP detector were

MiX-4Ss,S10EPC. bis-sSEPC (100 mg, 0.11 mmol) was dissolved

amplified and used as the stop signal for a time to amplitude converter in 20 mL of CH,Cl,/MeOH (99:1, v/v), followed by addition of 10

(TCA, EG&G Ortec) while the signal from a photodiode, detecting a

mL of an aqueous solution containing 20 mM Tris-HCI (pH 8.0), 40

small fraction of the dye laser output, was used as the starting signalmmM CaCl, and 2 mg of rattlesnake venor@rptalus adamanteoiis

for the TCA. The starting and stop signals for the TCA were

The reaction vessel was stirred vigorously in the dark for 3 days. When

conditioned before entering the TCA by passing through two separate the reaction was complete, the organic solvent was removed by a stream
channels of a constant fraction discriminator (CFD, Tennelec). The of nitrogen and the lyso product was extracted by the Blifjiyer

output of the TCA was connected to a multichannel analyzer (MCA)
interface board (Norland 5000) installed inside a 486DX2 personal
computer. The MCA was controlled by software from Edinburgh

procedurésd The pure product was obtained by passing a Sephadex
LH-20 column using chloroform as eluemtnone,SEPC was obtained
in 65% vyield. '"H NMR (CDCl) 6: 0.86 (t, 3H), 1.32 (m, 4H), 1.56

Instruments (Edinburgh, U.K.). The same software was used to carry (m, 6H), 2.28 (t, 2H), 2.55 (t, 4H), 3.14 (s, 9H), 3:46.28 (m, 10H).

out the deconvolution of the data and exponential fitting using a

nonlinear least-squares method. Measurements were made with air-

saturated samples.

6.95-7.4 (m, 10H).

monesSsEPC (39 mg, 1.0 equiv) of obtained above and DMAP (16
mg, 2.0 equiv) DMAP were dissolved in 3 mL of GEl,, followed by

(C) Synthesis. The nomenclature and synthetic schemes used for addition of 66 mg of §-Piv (2.0 equiv) in 3 mL of CHCI, prepared
preparation of the SPLs in this study are shown in Chart 1. The generalfrom S;A and pivaloyl chloride (Piv-Cl). The reaction mixture was
synthetic approach is based on methods previously described in thestirred at room temperature for 48 h. The solvent was then removed,

literature’® These SPLs spontaneously form bilayer assemblies in

and the product was extracted by the Btighyer procedure substituting

aqueous solutions as do their natural counterparts such as DPPC and M HCI for water to remove the DMAP. The product was purified

DMPC. For comparisonmonaSPLs were designed to prevent the
formation of extended chromophore aggregates. The niie8PLs
were originally expected to facilitate the formation of J-aggregates
through the mismatch of the stilbenes in the two fatty acid chains.
Instead, H-aggregates are exclusively formed.

bis-sSSEPC. 4S6A (0.44 mmol, 1.0 equiv) was dissolved in meth-
ylene chloride (20 mg/mL) and dry triethylamine (2.0 equiv) was added
via syringe, followed by trimethylacetyl chloride (Piv-Cl, 4.0 equiv).
TLC (solvent B, CHC{methanol/water= 65/25/4) showed that the
reaction was complete after.ca h of stirring. After the solvent was

using a Sephadex LH-20 column with chloroform as eluent. Yield:
40%; mp= 164-182°C. H NMR (CDCls) dSPCLN 0.95 (t, 3H),
1.30 (m, 14H), 1.62 (m, 10H), 2.30 (t, 4H), 2.60 (m, 6H), 3.38 (s, 9H),
3.80-4.60 (m, 8H), 5.22, (m, 1H), 7:67.52 (m, 21H). FAB: m/z
calcd for [M + 1]t = 922.5, found 922.5.

mix-4Ss,S12EPC. The synthesis is identical to that fomix-4Ss,Sio-
EPC. Yield: 66%; mp=260-268°C. H-NMR (CDCl) 6: 0.94 (t,
3H), 1.26 (s, 18H), 1.60 (m, 10H), 2.32 (s, 6H), 2.61 (m, 6H), 3.38 (s,
9H), 3.82-4.56 (m, 8H), 5.22 (m, 1H), 7.167.55 (m, 21H). FAB:
m/z caled for [M + H]* = 949.5, found 952.5.

removed with a stream of nitrogen, the residue was dried in a vaccum  mjx-,SEPPC. The preparation procedure is similar to that fioix-

dessicator fo 2 h and then dissolved in methylene chloride (20 mg/
mL), followed by addition of a suspension ©fo-glycero-3-phospho-
rylcholine as the cadmium chloride complex (GRGCh, 1.0 equiv)
and 4-(,N-dimethylamino)pyridine (DMAP, 2.0 equiv) in 2 mL of
methylene chloride. The reaction mixture was stirred at room tem-

456, S1cEPC. Yield: 44%; mp= 184-188 °C. 'H NMR (CDCl)
OSPCLN 0.86-0.99 (m, 6H), 1.26 (s, 24H), 1.34..72 (m, 12H), 2.25
2.66 (M, 8H), 3.43 (s, 9H), 4:64.60 (m, 8H), 5.24 (m, 1H), 7:67.5
(m, 10H). FAB: m/z calcd for [M + H]* = 828.5, found: 828.4.

mix-S4EEMPC. The synthesis is similar to that fonix-4Ss,S0EPC.

perature for ca. 48 h. The solvent was removed by rotary evaporation,YieId. 51%. 'H NMR (300 MHz, CDC}) &: 0.90 (t, 3H), 1.24 (m
and the residue was dissolved in solvent A (methanol/chloroform/water 18H). 156 (m 2H), 1.93 (m 2H’) 2.28 (t -2H.) 236 (t ’ZH.) 265 (t

=5/4/1). The solution was filtered and passed through an ion exchangeZH) 3.32 (s, 9H), 3.684.44 (m, 8H), 5.23 (m, 1H), 7.067.54 (m

column, Rexyn-I 300, to remove the Cd@ind DMAP using solvent

B as eluent. After the solvent was removed, the crude product was

purified by passing it through a sephadex LH-20 column eluted with
chloroform followed by recrystallization with chloroform/ether.
Yield: 45%; mp= 228-234°C. *H NMR (CDCl;) 6SPCLN 0.92 {t,
6H), 1.36 (m, 8H), 1.61 (m, 12H), 2.30 (m, 4H), 2.61 (m, 8H), 3.36 (s,
9H), 3.73-4.48 (m, 8H), 5.23 (m, 1H), 7:67.5 (m, 20H). FAB:m/z
calcd for [M + H]* = 922.5, found 922.5.

bissS,EPC. The preparation procedure is identical to that for bis-
+SEPC. Yield: 51%.H NMR (500 MHz, CDC}) 8: 7.49 (d,J =
7.5, 4H), 7.42 (dd) = 7.5, 2.0, 4H), 7.35 (1) = 7.5, 4H), 7.27 (overlap
with peak of CDC}, 4H), 7.15 (dd,J = 7.0, 4.5, 4H), 7.06 (s, 4H),
5.25 (m, 1H), 4.38 (m, 3H), 4.16 (dd,= 7.5, 5.0, 1H), 4.04 () =
6.5, 2H), 3.85 (m, 2H), 3.32 (s, 9H), 2.62 (m, 4H), 2.34 (m, 4H), 1.92
(m, 4H). FAB: myz calcd for [M + H]t = 754.3, found 754.3.

bis-4S4EPC. The synthesis of this compound is identical to that for
bis4+SEPC. Yield: 46%; mp= 230-237 °C. *H NMR (CDCl)
OSPCLN 0.95 (t, 6H), 1.38 (m, 4H), 1.61 (m, 4H), 1.96 (m, 4H), 2.34
(m, 4H), 2.64 (t, 8H), 3.30 (s, 9H), 3.641.50 (m, 8H), 5.26 (m, 1H),
7.0-7.5 (m, 20H). FAB:m/zcalcd for [M+ 1]* 866.4, found 866.4.

bis-S,(EPC. The preparation procedure is identical to that for bis-
+SEPC. Yield: 84%; mp=184-190°C. *H NMR (CDCk) 6: 1.30
(m, 20H), 1.62 (m, 8H), 2.32 (t, 4H), 2.63 (t, 4H), 3.38 (s, 9H), 3:70
4.50 (m, 8H), 5.23 (m, 1H), 7:67.6 (m, 22H). FAB: m/z calcd for
[M + 1]t = 922.5, found 922.5.

bisSsEEPC. The sythesis of this compound is identical to that for
bis-4SEPC. Yield: 42%;H NMR (CDCl;) SSPCLN 1.36-1.36 (m,
4H), 1.55-1.64 (m, 8H), 2.24-2.30 (t, 4H), 2.53-2.60 (t, 4H), 3.24

(15) (a) Kates, M. InMethods in Membrane Biologyorn, E. D., Ed.;
Plenum: New York, 1977; Vol. 8, p 219. (b) Khorana, H. G.; Chakrabarti,
P. Biochemistry1975, 14, 5021. (c) Bligh, E. G.; Dyer, W. JCan J.
Biochem. Physiol1959 37, 911.

11H). FAB: m/z calcd for [M + H]*= 716.4, found 716.3.

Results and Discussion

All of the transstilbene (TS)-derivatized phospholipids
(SPLs) includingbis-SPLs, moneSPLs, andmix-SPLs are
readily soluble in organic solvents such as methylene chloride
and chloroform to give solutions with absorptidpax at 315
nm and fluorescencémnay at 356 nm, which are characteristic
of the TS monomer. The behavior is similar to that observed
previously for SFAs in organic solverts.The presence of
normal “monomeric” absorption and fluorescence spectra for
the SPLs suggests there is little or no tendency for the TS
chromophores to associate in those solvents in either the ground
or excited state, despite the close proximity of the chromophores
in the phospholipids containing two TS units. The SPLs can
be dispersed in water by probe sonication to form stable, clear
aqueous solutions. In contrast to the “monomeric” spectra
observed in organic solvents, the aqueous dispersions of SPLs
show blue-shifted absorption and red-shifted fluorescence
spectra which are attributed to the formation of TS H-aggregates
similar to those observed in LB fill®f SFAs and SPLs. To
a first approximation the spectral shifts suggest the TS chro-
mophores in the H-aggregates pack in a “card-pack” array where
a new exciton band results from excitonic interaction between
the transition dipole moments of the TS chromophdfeghe
only allowed transition for a “perfect” H-aggregate card-pack
is to the highest energy level of the exciton band from the
ground state, which results in a blue-shift in absorption spectra
relative to the corresponding monomer. The presence of red-
shifted fluorescence could be ascribed to emission from the
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+——— Absorbance Table 1. Absorption and Fluorescence Data for SPLs in Different
1.0 - I— N 1 Media
v\ t\ —* Fluorescence -
“ Dol o - chloroform (nm)  water (hm)  shift (nf) m\ypve
08 :’ ‘“,' ‘,' “ ‘I‘ SPLs lahsmax emmax 1absmax /Iemmax Alahs AJEM (Wn)a
= Vol (. e water . 4SeA 315 356 268 406 47 50
@ C — CHCl, J SEEMPC 315 356 282 365 33 9 6340
& N O e N DMPC 4SsEPPC 315 356 282 391 33 35 6350
Z 06 ! T SEEPC 315 356 276 423 39 67 4830
o 1 SEPC 315 356 270 395 45 39 4210
N i Si1cEPC 316 358 273 389 43 33 4640
< 04 4SHEPC 320 360 274 417 41 61 4180
r ] 1SEPC 320 366 274 400 41 44 3780
2 ] 1S, SIcEPC 318 365 272 418 44 62 6800
] ] 4Ss, SIEPC - 286 366 278 420 37 64 6690
02 _ aWavenumber® Full width at half maximum¢ Data in LB film on
quartz.9 Relative t0,S6A in chloroform.
00k — o . : i indivi
750 300 350 200 250 00 e of spectral shifts de_pends upon the structure of th_e individual
. molecule as shown in Table 1. Absorption spectrhisfSPLs
_ _ WAVELENGTH (M) _ in water are always sharper and more blue-shifted than those
Figure 1. Absorption and fluorescence spectraisSiEPC inwater,  for moneSPLs, which have relatively broad spectra as indicated
methylene chloride, and DMPC vesicles (DMBG{SH)EPC: 100). by their |arge full width at half maximum (FWHM) The
. . broader, less blue-shifted absorption spectrmmohcSPLs are
forbidden low-energy exciton band of the H-aggregéteShe attributed to the perturbation of the saturated fatty acid chain,

SPLs can also be codispersed with an excess of the saturateqypich should inhibit the formation of highly extended ag-
phospholipids such as DPPC or DMPC in water to form mixed gregates. The absorption spectramti%-SPLs vary with their
vesicles which exhibit absorption and fluorescence spectra ygjecular structures. The absorption spectrumbtsSe, Sio-
similar to those of the monomers in organic solvents, but broader pc in which the two TS chromophores have a four-n%ethylene
and less st_ructured. The broz_ader absorption spectra are assignegﬁset, is particularly sharp with a large blue-shift in water
to a TS dimer on the bassis of the study of SFA and SPL rejative to the monomer, whilenix-4Ss,S12EPC, which has a
complexes with cyclodextnﬁ?(CI%Ns, see below) as well as iy methylene group mismatch for the two TS chromophores,
the results reported by othefs:® The broadening of the o5 a broad absorption spectrum with a relatively small blue-
absorption spectrum can be ascribed to a small excitonic splitting ghift.  While the excitation spectrum of the monomer in an
for an oblique dime?*® Although the absorption spectra of organic solution of SPL is identical to the corresponding
SPLs, in the presence of excess saturated phospholipid and SF4ypsorption spectrum, excitation spectra of SPL assemblies in
or SPLs iny-CDN are similar, the fluorescence spectra are quite \yater are slightly different from their absorption spectra and
different with the latter showing a broad “excimer-like” —gpqy some emission wavelength dependence, particularly when
fluorescence. Evidently, the restricted environment of DMPC qhitored at the red edge of the fluorescence band. This is
and DPPC vesicles inhibits the formation of an TS excimer for ayibyted to the microheterogeous nature of the bilayer system.
SPLs while the two TS chromophores of SFAs or SPLs in 1ne SpLs, moderately or highly diluted in DPPC or DMPC
y-CDN are probably in a sufficiently flexible environment to egicles, display excitation spectra similar to their corresponding
adopt a geometry required for one gxcned TS to interact ywth absorption spectra. As expected, they are also wavelength-
another TS in the ground state to give the red-shifted eXCiMer genendent. SFAs anthonoSPLs in the presence of excess
fluorescence. Compared to the broad absorption speclia-of  pympc or DPPC show identical monomeric absorption and
SPLs in DPPC or DMPC, the absorption spectra ofrtieno excitation spectra. Thieis-SPLs in DPPC vesicles with a low
SPLs in the maitrix of DPPC or DMPC vesu_:les are sharper, gilution ratio of [DPPC]/pis-SPL] (for example, 5) show
slightly red-shifted (4 nm) and with clear vibrational peaks g citation spectra intermediate between those of pis&SPL
similar to those of SFAs solubilized in DPPC and DMPC  4qqreqates and TS monomer and exhibit emission wavelength-
vesicles. The sharp fine-structured absorption spectra arégependence. They can actually be fit into a summation of a
associated with the TS monomer. The absorption and fluores- yixture of dimers (or monomers in case mbnoSPLs) and
cence spectra dis-S;0EPC in water, CHCl,, and DMPC are H-aggregates.

shown in Figure 1, which are assigned to H-aggregate, The apsorption and fluorescence spectrabisrS,EPC and
monomer, and dimer, respectively. Since the spectrum in wateris S EPC assemblies in water persist over a broad range of
is unaffected by dilution up to several-fold with DMPC, we temperatures from 580 °C with the exception of a gradual
attribute this spectrum to pure aggregate; similarly the spectrum yecrease in fluorescence intensity. This implies that the TS
in c_hloroform is identical to “monomgr” alkylstilbene_and thus chromophores in the aggregates experience little change in
attributed to pure monomer. The “dimer” spectrum in DMPC/ packing geometry even at temperatures abowelues at which
water probably consists of a mixture of monomer, aggregate, the polymethylene chains melt. The persistence of the ag-
and dimer, but the dimer predominates. gregates above chain-melting reinforces the idea of a relatively
Although all SPL assemblies investigated in this paper show high stability for the TS aggregates and is supported by the
blue-shifted absorption and red-shifted fluorescence in water ppservation that the H-aggregates in the monolayers and LB
relative to the monomer in organic solvents, the precise extentfilms of SFAs resist relatively high dilution with saturated fatty

acids?®
(16) (a) Kasha, MRadiat. Res1963 20, 55. (b) Kasha, M.; Rawls, H. - -
R.. El-Bayoumi, M.Pure Appl. Chem1965 11, 371. (c) Hochstrasser, R. Fluorescence.The ﬂuorescenpe spectra a.SSOCIa'[ed with SPL
M.; Kasha, M.Photochem. Photobioll964 3, 317. assemblies in water are relatively complicated and can be
(17) Lewis, F. D.; Wu, T.; Burch, E. L.; Bassani, D. M.; Yang, J.; assigned as due primarily to two different species: an aggregate
Schneider, S.; Jager, W.; Letsinger, R.1.Am. Chem. Sod995 117 and an excime® The aggregate has a higher fluorescence

8785-8792. . L. .
(18) Anger, I.; Sandros, K.; Sundahl, M.; Wennerstrom)@hys. Chem quantum yield (QY) and a lifetime of-310 ns, while the

1993 97, 1920-1923. excimer has a lower fluorescence QY and a lifetime that is
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1.0 1 considering the two following possible mechanisms: (1) An
7 —- — energy transfer process from the major species, the aggregates,
] [ SR to residual dimers occurs in the systems. The small portion of
. 0.8 — M{x-4SsEP1;(i’C dimers, which is not evident in the absorption spectra, can be,
3 . - Z;’s’f's‘zgls,g in some cases, a very efficient energy trap for the excitation
; . created in the aggregates. Similar cases have been observed
= )y previously for both H- and J-aggregate syst& in organized
°‘s'_ assemblies. In fact, there is evidence for the formation of an
J excimer state for aromatic clusters that shows weak excitonic
S . interaction in the ground st&f(for this reason, the terms, dimer
= 0.4 and excimer, are used interchangably in this paper). It appears
k ] ; that the structure of the SPL is responsible for the observed
3 ; photophysical and photochemical (see photolysis section) varia-
5 g.2a : tions. Both hydrophobic interaction of fatty acid chains and
“ . ! chromophore-chromophore interaction of TS play important
] roles in determining the aggregate structures. In a molecule
1 . such asbis-S;0EPC, where TS is situated relatively far away
0.0 = Trrrrr T from the head group, the formation of highly ordered and
300 400 480 s00 550 800 uniform TS aggregates is favored probably due to the long fatty
Waveiength (nm) acid chains which are flexible enough to allow optimal geometry
Figure 2. Comparism of fluorescence spectra of SPL assemblies in for the chromophorechromophore interaction. Thus, the
water, excited at 270 nm. fluorescence originates mainly from the radiative decay of the
Table 2. Fluorescence Lifetimes and Quantum Yields for SPLs in excited Stat.es of the H-qggregates (unit aggregates).. In contrast,
Water the population of the dimer is expected to be relatively large
ohospholipid 7 (nsy 72 NSy p for a r_nolecule such alsis-$4EPC in w_h_ich the TS is close to
 SEMPC 2.7 019 753 (O%) the rigid head group. In this case, efficient energy transfer from
B?:-(SEPC 3.4 (13%) 296 (8‘;%) 0.10 the H-aggregates to the excimers occurs, and the fluorescence
bis-SSEPC 2.7 (35%) 18.5 (64%) is generated directly from the TS excimer. Such efficient energy
gg%tlz)iz%l . 5212((175%) 1187.18((9253!;/0)) 0.74 transfer fr(_)m H-aggre_gatt_as to excimers has also been observed
DS SEPC 0 i1 (52050 ) 15.9( 4200 ) 0.09 for styrylthlophe.nég derivatives as well as for other systetfis?!
Mix-,SEPPC 0.43 In the cases dbis-,SsEPC,bis-SSEPC, andnix-S4EMPC, some
Mix-4Ss,S10EPC 0.10 energy transfer process occurs, which results in the intermediate
bis-sSEPC 0.10 fluorescence spectra. The dependence of the H-aggregation

aThe data were obtained from time resolved fluorescence decay UpOn molecular structures has also been observed for azoben-

curves at 500 nm emission wavelendtValues in parenthesis are  zené and styrylthiophene derivativ@d. (2) A variation in
contributions of the various decays to the total fluorescence intensity. geometry after excitation to the excitonic state of the aggregate

DPPC/SEPC= 110. compared to the ground state geometry is responsible for the
| than 10 The lifeti for both . | excimer fluorescence. In the case ws-S,EPC, due to the
tﬁngetrh and. i nsl..f i N |fe '_rpseslo?rﬁ; Tﬁpecpstgre onger relatively small aggregate size, a small change in geometry is

an the radiative firetime for (1. € variations In sufficient to allow excimer formation or even dimerization. The
the excneql state properties for the present systems onginate ;e process is expected to be an inefficient process due to
from the differences in the structures of the molecules despite || . demanding structural requirements for{22] cycload-
the presence Of TS in all molecules as the photophysma!ly actiVe yition in a restricted environmefit. Forbis-S;0EPC assemblies,
chromophore in the spectral region of interest. Figure 2 the large, highly ordered and rigid aggregate appears to enhance

compares the fluorescence spectra of SPL assemblies in water, : : :
. . the structural integrity of the TS aggregate to the point that even
The fluorescence spectrumlas-S4EPC, as well as that ahix- grty goreg P

. ; ) a small excited state structural change becomes unfeasible;
1S6,S10EPC, is broad and structureless with a large red-shift and g

e . . therefore, excimer formation and photodimerization processes
low fluorescence QY (Table 2), which is attributed to an excimer become inefficient.

type fluorescence, consistent v_wth its structurele_ss appearance | orescence Lifetime2* Due to the microheterogeous
and the low quorescence. efflc_lency. In Coptrdsrs-SmEPC nature in SPL assembilies, a distribution of fluorescence lifetimes
and b's"‘SGEPPC assemblles give sharper, flne-stru.ctured,.and instead of discrete lifetimes are fouffd The distributiorf; was
relatively less red-shifted fluorescence with relatively high characterized by its center lifetime standard deviation; and

fluorescence QY, which is assigned to the aggregate. Theseamplitude of the center lifetim@;. The contribution of each

two extreme cases of fluorescence spectra show InSIgnIfIC""mlifetime distribution to the total fluorescence intensity at a given

excitation wavelength dependence. Several other SPLs suc : :
asbis4SsEPC, bis SEEPC, andix SEMPC show intermediate hfluorescence wavelength can be estimated via eq 1.

fluorescence characteristic

The significant contribution of an excimer to the total fi = TioiA"/ZOiTiA" @)
fluorescence for several SPL assemblies can be rationalized by '

(19) (a) Evans, C. E.; Bohn, P. W. Am. Chem. S0d.993 115, 3306. The fluorescence lifetime (0.25 ns) and quantum yield (0.09)
(1%) gg;man, l.; Whitten, D. G.; Penner, T. L.; Uman, Bangmuir1994 for bis-S,EPC in methylene chloride are found to be similar to

'(20) Farahat, C. W.: Penner, T. P.: Ulman, A.: Whitten, D.JGPhys. those for SFAs and simple TS in the same organic spR/ent.
Chem 1996 100, 12616. However, the fluorescence decays of SPL assemblies in water

(21) Kuhn, H.J. Photochem1979 10, 111. are rather complicated and, in most of cases, can be fitted with

(22) Saigusa, H.; Lim, E. Q). Phys. Chem1995 99, 15738-15747. four different lifetime distributions as shown in Figure 3 for

(23) Song, X.; Perlstein, J.; Whitten, D. G. Submitted for publication. . e
(24) Whitten, D. G.; Farahat, M. S.; Gaillard, E.Photochem. Photobiol bis-S4EPC. The two short lifetimes for all SPLs are almost

1997, 55 (1), 23. identical and center at; = 0.27 ns andr, = 1.4 ns. Their
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Figure 3. Fluorescence decay curve at 450 nm emission wavelength and lifetime distributibis-faEPC assemblies in water (excited at 300
nm).

fractional contributions to the total fluorescence are negligible the aggregate and the relative contribution of the aggregats and
(<5%). The shortest lifetime; is assigned to a nonconstrained excimer. Fobis-S,EPC assemblies where small aggregates are
TS monomer on the basis of its similar lifetime to that,8§A formed, the high contribution of excimer decay seems to support
in CH.Cl, (r = 0.24 ns), and the negligible second shortest an efficient energy transfer from the H-aggregates to the
one 7> is attributed to a constrained TS monomer in the excimers, while the fluorescence bfs-S;(EPC assemblies,
assemblies which is comparable to thau8§A in DPPC (1.8 where more uniform aggregates are expected, shows a relatively
ns) and ina-CDN (1.4 ns). The two long components,and low contribution of the excimer.
74 are assigned to a TS H-aggregate and a TS excimer, Complexes with Cyclodextrins (CDNSs). Solubility of
respectively. The assignmentofto the TS excimer is based several SFAs in water improves significantly in the presence
on the reported results for TS excimers (11*hapd our studies  of a-, 8-, and y-CDNs due to the formation of hosguest
(see below) of SFAs i-CDN (5.3-17.6 ns)t® The increase complexeg® The absorption spectrum (see the Supporting
in lifetime for the H-aggregate relative to the monomer in Information) of,SsA complex witha-CDN is sharper than that
organic solution is attributed mostly to the forbidden nature with 5-CDN, which exhibits an absorption spectrum similar to
(symmetry}62of the radiative transition from the lowest energy that for ;S¢A in methylene chloride. The fluorescence spectra
level of exciton band to ground state of H-aggregates as well in a- and 5-CDNs and methylene chloride are identical and
as the restrictive matrices of vesicles which provide a large are associated with TS monomer. The sharper spectrum in
barrier for a competitive, nonradiative decay, naméigns— o-CDN suggests that the TS chromophore is probably close or
cisisomerization. The contribution of the four emitting species even inside the hydrophobic cavity afCDN. In contrast, a
to the total fluorescence intensity is fluorescence wavelength broad absorption spectrum similar to that for SPLs highly diluted
dependent for all SPLs. An increasing contributionrptan in DMPC or DPPC vesicles and a structureless, red-shifted
be detected at the blue-edge of the fluorescence whereas théluorescence spectrum relative to the monomer are observed
major contributor at the peak of fluorescence is excimer. The for 4SgA in y-CDN, which are assigned to a TS dimer (or
lifetime data for other SPLs are summarized in Eab|, which excimer). The absence of a red-shift for the fluorescence of
clearly indicate that both the total length of the aliphatic chains SPLs in excess of DPPC or DMPC vesicles is probably due to
and the position of the TS chromophores in the aliphatic chains the restricted environment, which prevents the formation of an
have effects on the characteristics of the fluorescence efficiencyexcimer® In most of cases, the fluorescence quantum yields
and lifetimes. The evidence for the above lifetime assignments (see the Supporting Information) of TSA’sdn, 3- andy-CDNs
also emerges from the dependence of the contribution of eachare higher than in C¥Cl,, due to the formation of the complexes
lifetime on dilution by DPPC vesicles. While the contribution which to some extent inhibits the photoisomerization of TS.
of two fast components change little with different dilution, the The fluorescence decay of SFAs ixCDN follows simple
excimer component increases at the expense of the aggregatenonoexponential decay while the fluorescence decagsamd
component whenbis-S;gEPC is diluted in DPPC vesicles y-CDNs are quite complicated and can be fit into either two or
(DPPCbhis-S;gEPC = 110). three components (see the Supporting Information). This
It is interesting to compare the contributions of the H- suggests that in the latter cases, there exist more than one
aggregate and excimer decays to the total fluorescence intensity (25) (a) Herkstroster, W. G.. Martic, P. A Evans, T. R.. FaridJs.

for four bis-SPLs: bis-S{EPC, bis-SEEPC, bis-4SsEPC andbis- Am. Chem. Socl986 108 3275. (b) Herkstroeter, W. G.; Martic, P. A.;
S10EPC. There exists a clear consistency between the order ofFarid, S.J. Am. Chem. Sod99Q 112, 3583-3589.
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emitting species in which the TS chromophores probably adopt i
different positions in the cavities of CDNs. In the case of Z&°
y-CDN, there may be both the monomer and the dimer. We
suggest that an excimer or dimer is responsible for the long
fluorescence lifetime iry-CDNs, proposed to be an excimer.
The long fluorescence lifetime for TS excimer has been reported >
previously by Lewis and co-worketg. The formation of the
monomeric complexes of TSA’s witfi-, 3-CDNs and a dimer ;
in v-CDN are further supported by the observation of moderate '
monophasic ICD spectra im- and3-CDNs and biphasic ICD
spectra iny-CDN, which is characteristic of an oblique dimer =il
(see the Supporting Information). The asymmetric feature of .
ICD in y-CDN can be attributed to a mixture of both monomer ‘k\ %
and dimer in the solution as indicated by the broad fluorescence| h
spectrum. Interestingly, the ICD signals for SFAs in all three k
CDNs disappear upamans—cis photoisomerization of the TS,
indicative of exclusion of theis-stilbenes from the cavities of
CDNs.

The tendency of self-aggregation for SPLs are much higher
than the formation of inclusion complexes in aqueous solutions
of a-, §-, andy-CDNs. Addition of acetonitrile to the aqueous -
solutions favors the complexation over self-aggregation. The |
mixture of the aggregate, dimer, and monomer in a mixed
solvent of acetonitrile/water (1/2) for SPLs can be converted
into a monomer-dominating solution by addition of eitleer
or f-CDNs and a dimer-prevailing solution by addition of i ol
y-CDN. Figure 4. Cryo-TEM micrograph obis-S,EPC assemblies in water

Characterization of SPL Assemblies. Three techniques (3 days old, 2x 107* M).
dynamic light scattering, membrane extrusion, and cryo-
transmission electron microscopy (Cryo-TEM), have been usedwater were found to show sharp decrease at certain temperatures
to characterize SPL assemblies in water. Light-scattering data(23 and 65°C for bissS4EPC andbis-SsEPC, respectively) at
for aqueous dispersions of SPLs show a relatively narrow which phase transitions presumably occur. The light scattering
distribution of particle sizes (based on assumption of spherical intensity for bis-S4EPC also shows a discontinuity at 2,
particles), which are much larger than those formed from which is believed to be associated with a phase transition. DSC
saturated phospholipids such as DPR&E-(S,EPC: 521 nm; studies for the mixtures of SPL/DPPC show good solubilization
bissS4EPC: 198 nmpis-4,SiEPC: 243 nm). The particle size  of SPLs in DPPC vesicle hosts. The endothermic maxima for
for aqueous dispersions bfs-S,EPC changes little from 10to  the mixtures of several SPLs with DPPC (SPL/DPRQ/100)
55°C. Incorporation obis-4sS4EPC in DPPC vesicles slightly  are shifted to lower temperatures—2 °C) and are slightly
increases the size of DPPC vesicles. Consistent with the resultsdoroadened, compared to those for to pure DPPC vesitles (
obtained from light scattering measurements, the self-assembliest2 °C). Such a decrease il of DPPC vesicles is expected
of SPLs in water can not be extruded through a 100 nm from the small perturbation caused by the incorporation of the
polycarbonate membrane but can completely pass through a Zoreign SPLs.
um membrane. The Cryo-TEM micrograph (Figure 4ot Aggregate Size. SPL assemblies in water undergo rapid
S,EPC assemblies in water shows rather interesting structuresmixing with DMPC or DPPC vesicles at or aboVgvalues of
with two major morphologies: large open tubules covered with both microphases but only very slowly beloly. We have
smaller pieces or fragments and small open-ended tubules. Theseeported previoushythat a clean, simple conversion from the
are assumed to be bilayer structures. As expected from suchaggregates to dimers (monomers in the casema@icSPLS)
open structures, the purgElPC assemblies in water failed to  occurs when SPL aggregates are mixed with DMPC or DPPC
trap any carboxyfluorescein (CF)26 vesicles abovd.! We also demonstrated that the aggregates

Differential scaning calorimetry (DSC), dynamic light scat- and dimers or monomers in caseswwdéneSPLs are two major
tering, and fluorescence techniques were applied to investigatespecies in the equilibrium solutions of SPLs moderately diluted
phase transition behaviors of SPL assemblies in water. Noin DPPC or DMPC vesicles. The equilibrium between the
phase transition fdpis-SPLs could be detected by DSC, possibly aggregates and dimers or monomers can be expressed by eq 2.
due to their low solubility in water (less than 1:51074 M). Further evidence for the equilibrium emerges from the ICD
Fluorescence spectroscopy provides a useful tool to study phasapectra for the mixtures of DPPC or DMPC/SPLs with low
transitions of organized systems. The fluorescence spectra ofdilution ratio from 5 to 35, which are identical to the ICD spectra
SPL aggregates were found to persist within a wide range of of pure SPL assemblies in water (see below). A modified
temperatures from-580 °C with the exception of a decrease Benisi—Hildebrand approach identical to the treatment of
in intensity. The fluorescence intensity for SPL assemblies in APLs (azobenzene-derivatized phospholifidsid TPLs (styryl-
thiophene-derivatized phospholipidsis used to formulate the

(26) (a) Weinstein, J. N.; Yoshikami, S.; Henkart, P.; Blumenthal, R.;

Hagins, W. A.Science 1977 195 489. (b) Liu, Y.; Regen, S. LJ. Am.  €quilibrium, and eq 5 is obtained in terms of absorbance of the
Chem. Soc1993 115 708. (c) Nagawa, Y.; Regen, S. . Am. Chem. aggregates and dimers or monomers. The plot 8glgversus
Soc 1992 114 1668. IN[A%gg— Aagd should give a straight line while the slope allows

(27) (a) Georgecauld D.; Desmasez, J. P.; Lapouyade, R.; Babeau, A.;
Richard, H.. Winnik, M.Photochem. Photobioll98Q 31, 539-545. (b) 'determination of the aggregate sirewhich is the number of

Martin, F. J.; MacDonald, R. (Biochemistryl976 15, 321. (c) Kremer, SPL molecules per aggregate.
J. M. H.; Kops-Werkhoven, M. M.; Pathmamanoharan, C.; Gijzemen, O.
L. G.; Wiersema, P. HBiochim. Biophys. Actd977 471, 177-188. (28) Benesi, H. A.; Hildebrand, J. H. Am. Chem. S0d949,71, 2703.
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Agg, = nDimer (ornMonomer formoneSPLs)  (2) 00 T T L— T T

+

bis-S,EPC at 23 °C, slope = 3.1

K= [Di] ndmp(.j [Agg]dmpc ) 044 | e bisSEPCat40°C, slope =69 :
. mix-S,EMPC at 30 °C, slope = 3.8 1
IN[A"4/A,,d = (" — 1)IN[DMPC] + C (4) 084 | ® .
=0
In the case of constant [DMPC], <%° 1.2 - n
0 , 1.6} .
In Aygg=NIN[A"ggn— Agggd T C (5) ]
2.0 -
TheA%ggn Aaggn andAg; are absorbances of the aggregate added i |
initially, aggregate, and dimer in equilibrium solution, respec- 244 -
tively, and they can be obtained simply by spectral subtraction. i
C andC'are constants. 2.8 , T - - . ,
For four SPLs which have relatively loW, values and are -2.0 -1.8 -1.6 -1.4
easily accessible to the above method, the plots according to Inf[Ac  -A ]
eq 5 give reasonable straight lines as shown in Figure 5. The e age
aggregate sizes, determined by the slopgsue 3, 4, 4, and 7 Figure 5. Benesi-Hildebrand plots of IiAqggas a function of gy
for bis-SIEPC, bis-SEEMPC, bis-sSEPPC, andbis-SsEPC, ~ Aagg for SPLs in DMPC vesicles.

respectively, in terms of SPL molecules or 6, 4, 4, and 14,
respectively, in terms of numbers of TS per aggregate. biSor
S.EPC andbis-SSEPC, aggregate size measurements were also

carried out at different temperatures: at 40 and@5or bis- dilute DMPC vesicles is the chromopherehromophore inter-

SEPC, and 22 and 30C for bissS4EPC. Almost identical . . . .
results were obtained. Interestingly, the measured aggregateacnon' One mole of TS in the aggregate is enthalpically 5 kcal

: . : table than in the dimer. This extra stability can be
sizes are small although a relatively long range of order is more s e

expected in the SPL assemblies. Small aggregate sizes hav@ttr'bmed 3:[(3)4 the. ?po'ar association between the .TS chro-
also been found in other chromophore systems for both mophores? S|m!|ar bresults haV(_e also bee'_‘ o_btalned for

H-aggregates (squarafand semicyaniri@) and J-aggregates azobenzenésquarainé?®and styrylthiopher?@ derivatives. The

(cyanine dyed). There appears a clear correlation between the relatively high stability of these “unit aggregates” compared to
extent of the .blue-shifts in the absorption spectra of SPL the dimers thus suggests that there are attractive noncovalent

: teractions beyond those in the dimer.
aggregates relative to monomer and the measured aggregatg1 . . .
sizes as suggested by the 33, 39, and 45 nm blue-shifts for thebi The deaggregation processestieS,EPC,bis- SEMPC, and

tetramer ofmonoSPLs, the hexamer dbisS:EPC and the sSEPC assemblies and possibly other SPLs with DMPC or

. . . DPPC vesicles at or abovi values show first-order kinetics
14mer of bisSEPC, respectively. A relatively extended . :
aggregate is anticipated in the monolayers of SFAs and SPLs,for SPLs in each case. qu the case @EBC and possibly
which give the largest blue-shifts (47 nm) in absorption. The other SPLS.’ the degggregatlon rates are independent O.f DM.PC
validity of the aggregate size estimation is strongly supported concentration. This suggests that th.e aggregates. dissociate
by a linear relationship of i ¥/Aaqg with [DMPC] according slowly (or are extruded into bulk s_olut|on) to form dimers or
to eq 4 with a slope of 2 for a series of equilibrium samples monomers followed by rapid trapping by the matrix of DMPC

. . . icles.
with the same total concentration bfs-S4EPC vesicles and VesIc . . .
different concentration of DMPC. The estimated equilibrium Induced Circular Dichroism (ICD) Spectra. No CD

constants for the equilibrium between the aggregates and dimerss'gnals are detected for SPL monomers in organic solvents such

for several SPLs together with the rate constants have been2s chlorofo_rm even thoggh the SPLs are chiral. The reason I
reported previously. In the calculation, the specific partial apparent since the achiral TS chromophores are relatively far

volume V.. of DMPC was assumed to be identical to that of W&y from the chiral center and the two fatty chains are flexible.
m

. : ; In contrast, fresh aqueous dispersions of SPLs prepared by
egg yolk phosphatidycholine vesicles (0.6677 L/n¥#8l)The o - ; ) i :
: sonication exhibit strong biphasic ICD spectra (Figure 6) with
enthalpy and entropy for the deaggregation process over thea positive Cotton effect in the long wavelength region and a

temperature range of 242 °C for bis SEPC were found to negative Cotton effect in the short wavelength region for all

be ca. 30 kcal/mol and ca. 90 cal/(kmol), respectively. The . . . -

data below 25C for the enthalpy and entropy measurements SPLs (W't.h the_ exception of,&PC which, surprisingly, has a
show a large deviation from the linear plot due to an involve- reverse blphasm IC.:D spectrum). The two strong.C.:otton effects
ment of the phase transition of DMPC vesicles. Clearly, the are associated with two allowed optical transitions for the
aggregation process is enthalpically favored but entropically ;g?c:c?gsar:]easii t-cl;hbeeerr:ggﬁllgéﬁg;egggobrgg’;iegptggmtws%gs;s't_l'_?qrés
disfavored. The interaction change involved in the aggregation occurrence of the zero-cross points of the ICD for all SPLs at

can be divided into two major components: the hydrophobic . .

interaction and the chromi)phofehpromophore intgractri)on. the Amax of the blue'Sh'fted absorpnon spectra suggests that the

Since the “effective” fatty acid chain lengths lo-S{EPC and ICD are assoma_ted with the_ exciton band of the H-aggregates

DMPC are similar, the hydrophobic interactions in piis- (see thebSupdportlnE Infc::m?tlon). These str(;ngly enhan;;ﬂd ICD
] : : s are attibuted to the chiral structures of the H-aggregates.

SEPC assemblies, DMPC vesicles, and mixed vesicldssof Although the blue-shifted absorption spectra of SPL assemblies

S4EPC and DMPC are expected to show small differences and
thus contribute little to the overall change for the aggregation.
The primary difference between the aggregate and the dimer in

(29) (a) Chen, H.; Law, K. Y.; Whitten, D. Gl. Am. Chem. Sod 995 are independent of preparation techniques and conditions, the
117, 7257. (b) Chen, H.; Farahat, M. S.; Law, K. Y.; Perlstein, J.; Whitten,
D. G.J. Am. Chem. S0d.996 118 2586. (33) Smithrud, D. B.; Sanford, E. M.; Chao, |.; Ferguson, S. B.;
(30) Bohn, P. W. Private communication. Carcanague, D. R.; Evanseck, J. D.; Houk, K. N.; Diederict®ufe Appl.
(31) Samha, H.; Whitten, D. G. Unpublished results. Chem 199Q 12, 2227-2236.
(32) Gennis, R. BBiomembrane, Molecular Structure and Function (34) Dewey, T. G.; Wilson, P. S.; Turner, D. B.Am. Chem. Sod978
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Figure 6. ICD (top) and absorption (bottom) spectra lbéS,EPC
andbis-SEPC assemblies in water.

[DMPC)/[bis-S,EPC]

Figure 7. (a) ICD spectra obis-S4,EPC in DMPC vesicles. All of the
samples contain identical concentration of DMPC and different
apparent molecular ellipticity for the ICD is subject to a change concentration obis-S{EPC. (b) ICD intensity normalized by aggregate-
under different preparation conditions, indicative of coexistence absorbance versus the dilution ratio of [DMP®i§S,EPC].
of two interconvertible enantioners in the solution. It is
reasonable to suggest that both the chirality of the head groupall cases. However, the extent of the bleaching, as well as the
and the alignment of stilbenes in the aggregates determine theshape of the spectra after photolysis, was sample dependent.
ICD spectra. The dimer for SPLs and monomer for SFAs or |CD spectra showed only a decrease in intensity consistent with
moneSPLs in an excess of chiral hosts of DPPC or DMPC disappearance of the optically active chromophore in the samples
vesicles exhibit no detectible ICD signals. The mixtures of as shown in Figure 8. The shape of the ICD spectra remained
aggregates and dimers (or monomers) in SPLs moderatelyconstant throughout the experiments. Isosbestic points are
diluted with DMPC or DPPC give ICDs identical to those for observed for both absorption and ICD spectra, which suggests
pure SPL aqueous dispersions. Figure 7 shows the ICD spectraa clear conversion from the aggregates to photoproduct(s). The
and the aggregate-absorbance-normalized ICD intensity as dength of time required to achieve certain extent of bleaching
function of dilution ratio for QEPC solubilized in DMPC  for the aggregate absorption band at ca. 270 nm was used to
vesicles. The common zero-cross points for ICD spectra for provide a qualitative measure of relative bleaching efficiencies
all of the samples with different dilution ratio and the indepen- (180, 32, 20 and 4.5 min of irradiation are required for 25%
dence of the absorbance-corrected ellipticity on the dilution ratio decrease in the peak absorbancesietS;(EPC,bis-S4EPC,bis-
clearly indicate that the aggregates in DPPC or DMPC vesicles ,S,EPC andis-sSsEPC, respectively, keeping all experimental
are the same as those in pure SPL assemblies and only theonditions constant). True bleaching efficiencies could not be
aggregates and dimers (or monomers) in the DPPC or DMPC obtained due to the appearance of a new light absorbing species
vesicles are involved in the solution. The temperature-induced in the spectral region associated with the starting material. The
phase transition of SPL assemblies in water has little effect on processes causing the observed spectral changes for SPLs is
the ICD spectra except a decrease in intensity. This is consistenfar less efficient than thizans—cis photoisomerization process
with small aggregates of relatively high stability, which remain for TS in fluid solutions. The extremely low bleaching
unperturbed through the melting process of the fatty acid chains. efficiency of bis-S;0EPC assemblies is consistent with a stable
Steady State Photolysis.We have observed that the ag- and uniform aggregate. Some evidence from both spectroscopic
gregation in the monolayerand bilayer assembli#sof TS and 'H NMR data of one major product resulting from
derivatives shuts down thgans—cis photoisomerization ob- irradiation at 280 nm of SPL assemblies in water suggests
served for isolated TS in solution. Irradiation of pure agueous occurrence of a photodimerizatiéh.Such a photodimerization
solutions of a number ofransSPLs results in a slow, but  of TS as a major process has also been observed for bilayer
detectable photoreaction, which is monitored by -tiis asssemblies of other TS-derivatized amphiphiles in water, where
absorption, fluorescence, and ICD spectra at regular intervalssimilar aggregates were formét.In another case, a crystalline
during the photolysis. Similar results are obtained for 280 and TS derivative has been found to display excimer emission and
320 nm excitation wavelengths. Bleaching of the main ag- undergoes photocyclization to generate a mirror symmetric
gregate absorption band (at or near 270 nm) was observed indimer4® The unambiguous identification of the photoproduct-

(35) (a) Cassim, J. YBiophys. J1992 63, 14321442, (b) Person, R. (s) and thg invol'ved. mechanism for the aggregates is a subject
V.; Peterson, B. R.; Lighter, D. Al. Am. Chem. S0d994 116, 42-59. of further investigation.
(c) Wu, S.; El-Sayed, M. ABiophys. J1991, 60, 190-197. (d) Ebrey, T.
G.; Becker, B.; Mao, B.; Kilbride, PJ. Mol. Biol. 1977, 112, 377-397.

(36) Farahat, M. Unpublished results.
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Figure 9. Reflectance spectra aB,A monolayer at the airwater
interface at difference surface pressures. Inset: Surface presseee
isotherm of,S,A monolayer and hysteresis of 8 monolayer.

100

the molecular area is estimated to be ca. 22chnsistent with
the reported datdor the first compression ofS;A. In contrast,
the r-area isotherm for the first compression is broad fgAS
monolayer, but sharp for the first decompression process. In
contrast with the monomeric absorption spectrum of TS in
solution, the reflectance spectrum of #8&A monolayer at the
water—air interface shows blue-shifts similar to the absorption
spectra of supported LB films of SFAs and bilayer assemblies
of SPLs. The reflectance spectra change little except in intensity
from very low pressures prior to compression to relatively high
pressure, indicating that the aggregates are preformed even in
3 the expanded liquid or gaseous state. Dilution® mono-
200 250 300 380 400 layer with stearic acid (SA) up to S#A = 4/1 shows little
effect on H-aggregate formation as indicated by the persistence
of similar H-aggregate reflectance spectra. Similar behavior is
Figure 8. Absorption (top) and ICD (bottom) spectra bis-S.EPC observed for the;SsA monolayer. The fact that the H-
assemblies in water at different stages of irradiation at 280 nm. aggregates are the only observed aggregation form for TS and
. . other diphenyl polyene derivatives in supported films and
The fluorescence spectra for the irradiated samples ShOWeCImonolay%rs a)t/th% a)i/rlwater interface indicat%ps the high stability

more variations in shape and intensity between different samples H-aggregated forms. Related studies for some squaraine

compared to the corresponding absorption spectra. The majoryeiyatived” showed similar results in that the H-aggregates of
effect of photolysis was the decrease in intensity of the g araine also preform without compression at the watier
fluorescing species. The extent of this reduction was highly ;arface.

depende_nt on the structure of the SPLs used. Extended Reaflectance spectra @B4A and sSeA monolayers consist of
photolysis of SPL assemblies in water leads to appearance of gy, major peaks at 268 and 240 nm, which correspond to two
new structured fluorescence band near 350 nm that resembleg,; sition dipoles, one along the long axis of TS and the other
that of derivatized TS in organic solution (see the Supporting perpendicular to the long axis, repectivélyStrikingly different

Information). This fluorescence is attributed to unaggregated (ofiactance spectra were obtained fesSand SoA monolayers
TS chromophores that remain after a large population of their \, hich shows only one peak at 240 nm. The absence o,f the

neighboring moieties have undergone photodimerization and peak at 268 nm for SA and SoA suggests that the chro-

cease to contribute to excitor_lic interactions. Due to the rigidity mophores are oriented perpendicular to the water surface, since
of their environment, these isolated TS chromophores are notye jncident light used for the reflectance measurement is normal
expected to undergoans-cisisomerization and to show a high 5 the water surface. The presence of both absorption peaks
fluorescence efficiency. for 4S4A and 4S6A indicates that the stilbene chromophore is
Monolayers. We have examined an array of amphiphilic tjjted to some extent from the water surface normal.
TS fatty acid derivatives andranstrans1,4-diphenyl-1,3- Aggregate Structure. Monolayer and bilayer assemblies are
butadiene andranstranstrans-1,6-diphenyl-1,3,5-hexatriene  highly ordered and can be considered to be two-dimensional
derivatives in supported assembtlifwhere H-aggregation with  |attices with some long-range order. Monte Carlo cooling
a characteristic blue-shifted absorption and a red-shifted fluo- methods have previously been used to determine the apparent
rescence is observed. In several cases, only H-aggregates cagjopal and nearby local minima structures for monolayers.
be detected, even for LB films of mixtures of the aromatics aApplying these proceduré8we have foun# that the lowest

spectroscopic study of SFA monolayers at the wasar : ,

interface provides some new insights into the H-aggregation . (37) Chen, H.; Liang, K. L. Song, X.; Samha, H.; Law, K. Y.. Perlstein,
. . . . . J.; Whitten, D. G. InMicelles, Microemulsions, and Monolaye&cience

behaviors of these aromatics. As shown in Figure 9 (inset), a ang TechnologyShah, D., Ed.; Marcel Dekker, Inc. New York, 1995, in

sharpsr-area isotherm foES,A monolayer was obtained, and  press.
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limiting area/molecule and the predicted exciton splitting, are observed for SPL assemblies in water in contrast to normal
the global minimum glide or herringbone arrangement,8A “monomeric” absorption and fluorescence spectra for SFAs and
and the first local minimum for &. While we have not yet SPLs in organic solvents. The blue-shifted spectra are attributed
been able to calculate structures (monolayer or bilayer) for the to the formation of H-aggregates, in which the transition dipole
phospholipids containing two SFA units, the similarity of spectra moments of the TS chromophores are aligned in a general head-
and photophysiéssuggests similar structures for the aggregates to-head arrangement. The complicated fluorescence of the SPLs
of both SFA's and phospholipids in the monolayer films and in water is believed to result from the heterogeneity of the
bilayer assemblies. Thus, we have proposed that a glide layerassemblies and possible energy transfer between aggregates and
structure is the extended arrangement for the TS chromophoresxcimers (or a geometrical change in excited state of the
in the aggregates of the SPLs in water. The strong biphasic aggregates which results in the formation of the excimer).
ICD for the aggregates of the SPLs indicates that the aggregateEvaluation of the equilibrium between the aggregates and dimers
structures are chiral with two different TS chromophores per (or monomers) of SPLs in the matrix of DPPC or DMPC
unit cell in the two-dimensional lattice of the glide layer. While vesicles allowed determination of aggregate numbers and
the infinite glide or herringbone lattice is not chiral, the smaller thermodynamic parameters associated with the aggregation
units within the layer structure, most notably the “pinwheel” process. The measured aggregate sizes show a good correlation
tetramer or other cyclic structures, are chiral (see ref 1b). Taking with the observed blue-shifts in absorption for several SPLs.
together the likelihood of a glide structure as the arrangement The strong biphasic ICD spectra associated with the aggregates
of an extended aggregate and the measured aggregation numbeindicated the chiral nature of the aggregates in which there are
we propose a “pinwheel” structure as the most likely arrange- two different stilbenes in the unit aggregate. Monte Carlo
ment for the smallest “unit” aggregates. These structures, with cooling simulation resultsindicate that a glide layer or
two different stilbenes in each “unit” aggregate, are chiral and herringbone structure is the most probable structures for an
account nicely for the observed biphasic ICD spectra associatedextended array of SFAs in a monolayers. Taking into account
with the aggregates. These structures are also attractive in thathe measured aggregate sizes, the chiral nature of the aggregates,
they maximize the number of “T” interactions (face-to-edge or and the spectral similarity of SPL assemblies in water to SFA,
o—am interaction) which have been demonstrated to stablize the monolayers, as well as the simulated structures, small cyclic
dimers of benzer? and related aromatid8. The favored chiral “pinwheel” structures are proposed as likely structures
structure for the benzene dimer from both theory and experimentof the H-aggregates. Extended aggregates can be fairly
is a “T” arrangement with stabilizing edgéace interaction. described as a mosaic of these small aggregate units. The
Our studies for other aromatic systems including azobenzene,structures are reasonable in view of the likely maximization of
styrylthiophene, and tolan as well as squaraine also suggest thatveakly c—x (face—edge) attractive forces and minimization
the “pinwheel” units may be a general supramolecular energy of 7— repulsions between the closely packed stilbene chro-
minimum for a variety of aromatics and conjugated compounds mophores?

such as diphenylbutadienes and diphenylhexatrienes, since they

give very similar aggregation under similar conditions. An  Acknowledgment. We are grateful to the National Science
X_ray diffraction Study of several Weak|y amph|ph|||c TS Foundation (Grant CHE'9211586) for support of this research.
deirvatives provides support for the pinwheel or unit aggregate

as a key component in the formation of crystals or extended Supporting Information Available: Various spectra (6
aggregatedt pages). See any current masthead page for ordering and Internet

access instructions.
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